Abstract-Ever-expanding networks of surf cameras offer a unique opportunity to monitor the coastline over large expanses at very little cost compared to traditional in situ survey methods. Here, we describe and test a new coastal monitoring system maintained by CoastalCOMS Pty Ltd. at their test site at Gold Coast, Australia. The two-camera system monitors two highly sensitive 4-km stretches of sandy coastline adjacent to high-value assets. The traditional static multi-camera setup has been replaced by a single rotational camera. A 14-month data set, encompassing one major storm, a recovery period, and a seasonal cycle, was analyzed. Positive shoreline detections using the new camera system were available 64% of the time (roughly 145 days of the available 226, where daily offshore significant wave heights H s ≤ 1 m). Comparison of the CoastalCOMS-derived shorelines and in situ survey data showed a mean shoreward bias of 25.5 m. Daily shoreline estimates were used to calculate weekly and five-week running mean beach widths at both sites. Analysis showed that both sites eroded between 15-22 m during the May 2009 storm and then recovered during the proceeding five-month calm period. Distinct intersite variability was observed between the more exposed Northern Beaches that displayed an annual shoreline cycle and very little intrasite variability and the more sheltered southern Palm Beach site that displayed large intrasite spatial variability and sensitivity to changes to both wave direction and wave height.
I. INTRODUCTION
T HE GOLD Coast is a 35-km stretch of sandy coastline at the southeast tip of Queensland, Australia. The region is a world-renowned tourist destination for both its famous surf breaks and golden beaches, requiring careful and ongoing management. Since the early 1960s, the local council has conducted beach profile surveys at select locations (ETA lines) along the entire length of the Gold Coast, following standard in situ surveying methods applied around the world. Dry beach profiles are measured using a Leica real-time kinematic (RTK) Global Positioning System (GPS). The RTK system utilizes the Smartnet GPS Reference Station Network and automatically locks on to the most suitable base. The inner surf zone is measured using a 5-m aluminum pole with reflective prism and Leica theodolite and overlaps both the dry and offshore bathymetry surveys. The offshore bathymetry is measured using the 7.01-m Shark Cat Surveyor II with a Leica RTK GPS unit in the vessel running through Hydro Pro Navigational software with a high-frequency single-beam transducer attached to a Reson Navisound echo sounder. These have provided the basis for analysis of beach width and volume changes in support of beach protection works [1] . However, due to the cost and time associated with traditional survey techniques, beach profiles are only surveyed at irregular intervals (on average, once per year at specific transects spaced between 1 and 5 km apart) and only provide a snapshot of the dynamic nature of the system. Video-based monitoring is increasingly being used as an alternative method to observe the nearshore environment in both high temporal and spatial resolutions [2] - [5] . Methods have been developed to estimate bathymetry [6] - [9] , classify the nearshore morphology [10] - [12] , study sandbar and terrace dynamics [13] - [16] , and estimate wave direction [17] , wavelength [18] , and breaking wave height and wave period [19] . From a coastal management perspective, the spatial and temporal variabilities of the shoreline (or the effective beach width) are a primary indicator of beach health and commonly included as part of post-construction monitoring of coastal engineering works [20] , [21] . A number of techniques have been proposed to estimate shoreline position from video-based images [22] , [23] . Early work by Plant and Holman [24] derived a method to estimate shoreline position from gray-scale images based on bands of brightness associated with waves breaking at the shoreline. Alternatively, Alexander and Holman [25] used variations in image intensity between the high-and low-tide 10-min time exposure (Timex, [10] ) images to estimate shoreline position. With the transition to color video, the algorithms were further refined. Color images are converted from standard red-green-blue (RGB) color format that contains information about color and brightness in each band to hue-saturation-value (HSV ) color space. In this way, color is separated into HS and brightness into V . Typical ocean values fall in the blue-green region with 0.4 < H < 0.6 and low saturation (S ∼ 0.2), while sand falls in the yellow-red region with low hue (0.2 < H < 0.3) and high saturation (S ∼ 0.7). Aarninkhof et al. [8] , [26] exploited the differences in HSV space to estimate shoreline position based on observed differences between wet (water) and dry (sand) pixels. Shoreline detection methods using artificial neural networks [27] and those exploiting the differences between the relative amount of red and blue light observed in wet and dry pixels [20] have also been developed. The reader is referred to Plant et al. [23] for a complete discussion of shoreline detection methods using video imagery.
In 1999, the Gold Coast City Council adopted a second method of shoreline monitoring with the implementation of the Argus coastal imaging system [3] , [4] , [28] to assess the effectiveness of beach protection strategies [20] , [21] , [29] . Multi-camera systems (Fig. 2 top) were installed on high-rises at two locations on the Gold Coast. The first site covered approximately a 4-km stretch encompassing the survey line ETA 67 and the beaches of Narrowneck and Surfers Paradise at the northern end of the Gold Coast (herein referred to as the Northern Beaches). The second system covered an additional 4-km stretch of coastline, including survey line ETA 32 and Palm Beach further south (Fig. 1) . Each station consisted of four to five static cameras, spanning a 180
• view of the coastline. Using standard photogrammetric techniques [2] , the relationship between 2-D image coordinates and 3-D real-world coordinates was ascertained. These georeferenced values were then used to monitor a number of physical parameters in the images at near-continuous sampling. For the Gold Coast, the principal monitoring parameter used is effective beach width measured as the position of the shoreline with respect to a buried seawall (A-line). In early 2007, a second video monitoring system was installed adjacent to the Argus camera system at Narrowneck (Northern Beaches) using CoastalCOMS technology developed by Griffith University and Coastalwatch Pty Ltd. The traditional multi-camera system was replaced by a single rotating robotic camera (Fig. 2 bottom) that is remotely controlled and rotates to fixed viewpoints at specific times. Similar to that described by Holland et al. [2] , transformations between image u, v and real-world x, y coordinates are obtained through the direct linear transformation (DLT) technique first proposed by Abdel-Aziz and Karara [30] , where the z-coordinate (vertical axis) is taken identically to be zero [corresponding to local mean sea level (MSL)]. While previous techniques [2] used extensive calibration to obtain highly accurate estimates of camera properties and transformation coefficients, the CoastalCOMS methodology solves the DLT coefficients using a linear least squares technique on an overdetermined system of corresponding pixel and real-world coordinate pairs. Over a ten-month period between February and December 2007, the CoastalCOMSderived shorelines were compared against the Argus-derived shorelines at the same location. Comparisons of the two shoreline data sets after applying a seven-day smoothing filter and a 10-degree polynomial interpolator showed that, for 92% of the data set, the CoastalCOMS-derived trend line was ±6 m of the Argus trend line (Chris Lane, personal communication). In late 2008, the single-camera CoastalCOMS system replaced the static camera Argus system at both sites and has since been the primary method of shoreline monitoring on the Gold Coast.
The currently installed cameras are Sony SNCRZ50N networked enabled high-resolution pan/tilt zoom cameras, utilizing a one-fourth-type ExwaveHAD interline transfer charge-coupled device with 10/100 base-T Ethernet. They are capable of handling 16 user-defined presets, with a repeatable preset accuracy of ±0.064
• . The cameras have 340
• pan rotation and 115
• tilt range with a minimum built-in 26× optical autofocus lens and minimum 12× digital zoom capabilities, allowing for a sampling range of 3 to 5 km with varying levels of accuracy. The calibration of the robotic camera system is achieved through a custom-designed rig attached to the Sonydesigned robotic camera housing. The calibration process involves collecting ground control point (GCP) data at regular intervals within each of the camera views. The distances between GCP points range from 50 m (near-field camera views) to 750 m (far-field camera views), with a total of three to seven GCP points per image for the analysis period presented here. GCP data are collected via a handheld GPS unit with simultaneous image capture to relate real-world coordinates to pixel values. Calibration is done whenever a camera is moved or changed. There are currently over 100 sites throughout Australia, the U.S., and Europe operated by Coastalwatch that offer near realtime views of the coastline and provide daily surf reports. The Gold Coast cameras operated by CoastalCOMS are preliminary "proof of concept" test sites that provide shoreline monitoring (via the high-mounted cameras) and wave height estimation (via the low-mounted surf cameras) [19] . As these networks continue to expand and image processing algorithms are refined, they can offer potential data sets for researchers and coastal managers alike. The 14-month data set between May 2009 and June 2010 is used to test CoastalCOMS shoreline algorithm accuracy using high-mounted cameras and analyze shoreline variability under natural wave forcing. The data used in the analysis are presented in Section II. Results of shoreline detection and beach width analysis for the two sites are presented in Section III and further discussed in Section IV. We conclude with a summary of findings in Section V.
II. DATA

A. Site Description
The Northern Beaches (Fig. 1) are a relatively open coastline exposed to waves year-round and display a cyclic nature indicative of seasonal variations in wave climate, with erosional periods during the Australian summer (January to May) and accretionary periods during the milder wave conditions of Australian winter (July to October) [31] . In response to the "Northern Gold Coast beach protection strategy" [32] , a major nourishment project (1.2 million m 3 of sand) and the construction of an artificial reef [33] offshore of Narrowneck commenced in 1999. The nourishment and the major construction were completed by the end of 2000. In addition, a large relic shoal from a previous entrance of the Nerang River lies directly offshore and may provide a sand source in this area [34] .
Palm Beach (Fig. 1) is a curved section of coastline bordered by Currumbin Creek at the south and Tallebudgera Creek and Burleigh headland to the north. It undergoes much more extensive and ongoing management that impacts the temporal evolution of the shoreline. Short groynes adjacent to 11th Avenue (y = 1200 m, between Camera L 2 and N 1 ) and 21st Avenue (y = 2200 m, between Camera N 1 and N 2 ), as well as a training wall for Currumbin Creek at y = −600 m (Camera F ), influence the natural longshore transport along the beach. Offshore deposits of sand from the ebb-tidal delta of the creek and recirculation cells periodically transport sand onshore during more easterly and northerly wave events. This beach receives annual (minor) nourishment from the dredging of the adjacent Currumbin Creek. During this monitoring period, two nourishments took place on Palm Beach. In July 2009, 10 000 m 3 of sand from the Kirra Beach Restoration Project was placed on the upper beach profile in areas where the boulder wall was exposed from the May 2009 storm (Camera L 2 ). Between August 24 and October 2, 2009, approximately 58 000 m 3 of sand was placed on the upper beach between 0 m < y < 500 m (Camera L 1 ) from annual maintenance dredging.
B. Wave Conditions
Hourly wave conditions are recorded by a directional waverider buoy located in a water depth of 18 m at Narrowneck at the northern end of the Gold Coast (Fig. 1) . The buoy is operated jointly by the Queensland Department of Environment and Resource Management and the Gold Coast City Council. Wave recordings include significant wave height H s , maximum wave height H max , peak wave period T p , mean wave period T z , and peak wave direction D p . Wave conditions (H s , T p , and D p ) for the analysis period are shown in Fig. 3 . The mean significant wave height for the monitoring period was 1.17 m.
Wave conditions along the east coast of Australia originate primarily from four main sources: ocean swell, wind seas, East Coast Lows (ECLs) and Tropical Cyclones (TCs). The annual wave climate is dominated by swell generated in the Southern Ocean and Tasman Sea that impacts the coast as small-tomedium-size moderate-to-long-period waves from the south to southeast [35] , [36] and is responsible for an estimated net northerly sediment transport rate of 500 000 m 3 /yr. The long-term average significant wave height for the Gold Coast is 1.15 m, with higher-than-average waves between January and May, corresponding to Australian summer and the cyclone season [37] . Increases in offshore wave heights during June and July are due to southeasterly trade winds [35] , but these may not directly impact the east-facing coast, depending on their angle of incidence. Wind seas are locally generated and occur mainly during the Australian summer when heating over the land generates afternoon sea breezes resulting in small short-period waves. Along the Gold Coast, ECLs are the most commonly occurring destructive events, capable of bringing large and long-period waves from the east to southeast, and are often accompanied by storm surge and high rainfall. These typically occur between March and June, but can occur any time. TCs rarely track as far south as the Gold Coast, but may generate energetic east-to-northeast swell and strong winds during the late Australian summer.
During the monitoring period, one major storm occurred from May 19 to 25, 2009, and was classified as an ECL (Fig. 3) . The storm produced the second largest significant wave height recorded at the Gold Coast buoy since recordings began in 1987 (H s = 6.1 m) and a maximum wave height H max = 10.6 m. The prolonged large waves combined with storm surge caused significant erosion along much of the southeast Queensland and northern New South Wales coast. The remainder of the monitoring period was relatively mild, with minor events in June and July of 2009 and June 2010 (Fig. 3) .
Compared to the Northern Beaches, Palm Beach has a significantly smaller and more easterly wave climate due to wave shadowing of the southerly waves by Point Danger at the tip of the Queensland-New South Wales border (Fig. 1) [38] . Propagating offshore modeled wave conditions (from the European Centre for Medium-Range Weather Forecasts wave reanalysis (ERA-40) or National Oceanic Atmospheric Administration's WaveWatch III) into the coast results in an alongshore gradient of mean annual breaking wave heights of roughly 0.5 m between the southern beaches and the exposed north coast [39] , as well as significant shifts (∼ 45
• ) in wave angle [40] . Although model results compare well with the Gold Coast buoy data at the Northern Beaches [41] , no comparison can be made for the southern beaches. However, the modeling efforts provide an estimate of the intersite variability of wave climate along the coast but are limited by the assumption that the dominant offshore wave climate is also the dominant nearshore wave climate and this may significantly impact the estimated wave climate at the southern beaches. For comparative purposes between the two monitoring sites, three-hourly WaveWatch III offshore wave model output was propagated into the 20-m contour using the Simulating WAves Nearshore (SWAN) model. Mean wave statistics from the monitoring period measured from the buoy and model output are presented in Table I .
C. Shoreline Position
The inherently dynamic nature of the waterline position with respect to land requires that an appropriate sampling interval is chosen to meet the demands of the end user [42] . For the purposes of this study, we aim to analyze medium-to-longterm behavior of alongshore-averaged sections of the shoreline. To this end, we use shoreline positions obtained at selected transects spaced 40-160 m apart along the beach with respect to the same tidal datum (MSL) using remote sensing techniques. The accuracy of remote sensing techniques to measure shoreline position is dependent on the camera properties, shoreline detection method, incident wave conditions, and tide levels [23] , [42] . Previous work by Aarninkhof et al. [26] indicated that video-derived shorelines using the HSV method had a vertical error in shoreline position of approximately 0.2 m. This translates to a horizontal error of 6.7 m given an average swash zone (i.e., ±1-m MSL) beach slope of 0.03. The use of images obtained around MSL removes a significant portion of the tidal bias. However, the use of a single camera rotating to each view means that images are not all simultaneously taken at true MSL. For a five-view camera system, this requires 5-mintime-exposure images to be centered around ±10 min of MSL. On the Gold Coast, this is equivalent to approximately a 7.5-cm change in water level over the 25-min sampling period and translates to an estimated horizontal error of ±1.25 m around the true MSL shoreline position. To remove shoreward bias from high wave setup, we also remove any days where the measured offshore significant wave height H s is greater than 1 m [31] , thus limiting the vertical error to approximately Shoreline detection using the CoastalCOMS technique is similar to that proposed by Aarninkhof et al. [26] and involves a four-step process. First, a 5-min Timex image is taken around the local MSL (roughly equivalent to the Australian Height Datum AHD = 0) once per day at each of the predefined viewpoints. The color images are then transformed into HSV space. The algorithm applies a median filter to the hue values of the converted images and then uses the Sobel edge detection method [43] to estimate shoreline pixel coordinates u, v (Fig. 4) . At predefined transects (Table II) , real-world coordinates x, y of the shoreline are recorded for further analysis (Fig. 4) .
III. RESULTS
A. Shoreline Detection
Prior to analyzing the shoreline data, it is necessary to assess the CoastalCOMS shoreline detection methods and overall accuracy. A total of 420 daily images were available to estimate average shoreline positions along the length of the coast covered by the two cameras (Figs. 5 and 6 ). Pixel resolution is estimated using the pixel u, v and real-world x, y coordinate pairs from the accepted shoreline detection points. By comparing the absolute distance between shoreline data in both pixel and real-world space, we can estimate a meter-per-pixel statistic to estimate pixel resolution. However, this approach also assumes that the DLT coefficients estimated from the linear least squares technique are correct and thus should be considered an estimate of combined pixel resolution and DLT transformation accuracy. Statistics for each camera view are given in Table II . For the Northern Beaches, we use three of the five camera views to analyze shoreline variability, while we use all five at Palm Beach. The reason for this is that two camera views (F &L) in the Northern Beaches did not contain a sufficient number of GCP data points to determine accurate DLT (pixel real-world transformation) coefficients for part of the analysis period.
Within each image, the shoreline data are manually checked for visual accuracy, and where shoreline positions are inaccurate, usually due to false detections, they are discarded from the analysis (Fig. 4) . (Table II) . Shoreline positions are then filtered using a 250-m Hanning window to remove small-scale features, such as beach cusps and rip channels, and fill in missing data points. Beach width is then calculated as the perpendicular distance from selected reference points to the shoreline. Along the Gold Coast, the A-line, which represents the location of a buried boulder wall spanning most of the coast, is used as a fixed georeference baseline for determining beach width. An alongshore-averaged beach width for each analysis section (see Table II ) is then calculated, as well as weekly and five-week running mean beach widths.
While it is impractical to regularly survey the entire coast, a representative set of lines has been chosen for more frequent surveying. Two of these profiles fall within the regions monitored by the CoastalCOMS camera systems. ETA 32 at Palm Beach is located in the Camera L 2 field of view, and ETA 67 is located within Camera C of the Northern Beaches (Fig. 1 discussed in Section III-A. These may be due to the limited number of GCP points that were used to solve for the DLT coefficients. Current camera calibrations (December 2010) contain 6-20 GCP points per camera and further constrain the linear least squares problem. Additional sources of error that may also account for this bias include threshold values used to define the wet/dry line in the HSV method, author bias in accepting/ rejecting shoreline detections based on visual examination, accuracy of the handheld GPS unit used to collect the GCP data points (and subsequently used to derive the DLT coefficients), and incorrect timing of image capture with respect to local MSL (the maximum spring tide range is ±1 m and equates to ∼30-m horizontal shoreline change if images were taken at high or low tide in error).
B. Northern Beaches
The mean beach width µBW (relative to the A-line) for the Northern Beaches over this monitoring period was 61 m (alongshore standard deviation σ y of 7.0 m), with a temporal variance σ (Fig. 9) . During the milder winter and spring months (July-December 2009, Table I ), beaches slowly accreted under prolonged mild wave conditions (mean rate of change µ∆BW = +0.69 m/week; σ y = 0.06 m/week), and beach widths were comparable to pre-storm conditions (i.e., May 2009) by January 2010 (µBW = 70 m) (Fig. 9) . The Gold Coast region typically experiences its largest waves during the Australian summer and autumn (January-May), with storm activity such as ECLs and TCs affecting the coast. Although no major storms occurred during January-June 2010, the Northern Beaches experienced shoreline recession and erosion of order 15 m due to seasonal increases in wave height (Table I) (Fig. 10) . In some areas, the erosion was so severe that it exposed the boulder wall and necessitated beach nourishment. Beach scraping to reprofile the beach and cover the boulder wall, as well as nourishment from southern Kirra Beach and dredging of the adjacent creek, aided in beach recovery. considerable alongshore variability existed and some sections underwent erosion while others accreted (Fig. 10) . Results are summarized in Tables IV and V. 
IV. DISCUSSION
A. Intrasite Variability
Beach width variability at the Northern Beaches was significantly correlated at the 99% level (Table VI) and showed very little intrasite variability ( Fig. 9 ; Tables III and IV) . Maximum correlation within the site was between Cameras R and N 1 (0.9), while minimum correlation was found between Cameras C and N 2 . The long straight coast and minimal engineering at this site give an example of shoreline variability under natural conditions. The Argus monitoring prior to 2009 identified a similar seasonal trend of erosion and recovery consistent with our analysis and the monthly mean wave buoy data [44] . In 2004, the annual cycle was interrupted by a single large event in October, followed by atypical net accretion in the first half of the 2005 calendar year with a return to the typical cyclic seasonal behavior in 2006.
Palm Beach exhibits a distinctively different beach width variability (Table V; Fig. 6 ). Unlike the Northern Beaches that are significantly correlated at the 99% level, Palm Beach is divided into several compartments that are correlated at varying significance levels (Table VII) . The beach directly adjacent to the creek (Camera F ) is one of the widest sections of beach and is carefully monitored to avoid breaching of the creek at the landward edge of the training wall. Unlike the rest of Palm Beach, the section monitored by Camera F underwent significant erosion between January and June 2010, while the downdrift sections (Cameras C&R and L 1 ) experienced accretion. The beach sections monitored by Cameras C&R, L 1 , and N 2 are negatively correlated with Camera F (Table VII) and account for the observed beach rotation (Fig. 10) due to changes in the mean angle of incidence (Table I ). The two groynes trap sand and modulate beach response ( Camera N 1 ; Fig. 10 ). The section of beach between the groynes (Camera N 1 ) showed the least amount of temporal variability (σ t = 4.1 m), while Camera L 1 had the highest amount of variability (σ t = 22.2 m). This section of the beach is some of the most vulnerable and, due to the frequent exposure of the boulder wall, receives annual nourishment. The impact of this nourishment resulted in a local seaward accretion of the shoreline between August and October 2009 by approximately 20 m. Minor nourishment in July 2009 was also placed along the exposed boulder wall in Camera L 2 . During this period, the mean wave direction was from the north (Table I) , and lagged spatial response of the nourishments is observed in the southern cameras (Fig. 10) . Along with nourishment activities, beach rotation within the cell defined between Cameras F and L 2 (Table VII) accounts for the high temporal variance observed (Table V) . Similar patterns of beach erosion (accretion) at the southern end of Palm Beach and accretion (erosion) adjacent to the 11th Avenue groyne and at the northern end during the first (second) half of the year were also observed during the Argus monitoring period [45] . However, large wave events (similar to that of the May 2009 event) cause the entire beach to erode and are typically followed by accretion of the entire beach during mild wave conditions.
B. Intersite Variability
Significant intersite variability exists between the Northern Beaches and Palm Beach. This is primarily due to the amount of ongoing coastal engineering works, but local wave climate can also have a large impact. Comparison of measured and modeled wave conditions from the Northern Beaches and Palm Beach (Table I) indicates that Palm Beach experiences lower and more northerly mean wave climates than the more exposed Northern Beaches. While the long straight beach at the Northern Beaches uniformly modulates with changes in wave height ( Fig. 9 and Tables IV and VI), the more pocketlike beach design of Palm Beach does not but is more sensitive to changes in mean wave direction ( Fig. 10 and Tables IV and VII). The impact of large storms (specifically those from the east where both beaches are exposed) is similar at both beaches, with large erosion occurring followed by periods of accretion.
C. Relationship to Wave Conditions
Comparison of mean wave statistics from the Gold Coast buoy and the beach width of the Northern Beaches reveals the expected trends of higher energy conditions, resulting in shoreline erosion and milder conditions encouraging accretion (Table I versus Table IV) . A cross-correlation analysis of the five-week running averaged beach width BW for each camera view versus significant wave height H s , as well as beach width versus dimensionless fall velocity Ω = H s /T p w, where w is Fig. 11 . The results indicate that increases in wave height are followed by decreases in beach width, while beach response to changes in the dimensionless fall velocity is slightly lagged. For the long straight exposed Northern Beaches, the relationship between beach width and dimensionless fall velocity indicates that more dissipative conditions (higher Ω) result in decreased beach width for this site. Similar results were shown by Davidson and Turner [31] that presented significant negative correlations between shoreline position and dimensionless fall velocity for lags of 0 to 20 weeks. The positive lags between 24 and 38 weeks (Fig. 11) are indicative of the seasonal cycle in wave climate. The cross-correlation between SWAN output wave conditions at Palm Beach and beach width statistics do not show similar patterns between changes in wave height and beach width. Camera N 2 was significantly negatively correlated with H s for lags less than six weeks and Ω for lags less than seven weeks. Cameras N 1 and F had similar results to the Northern Beaches with significant negative cross-correlations between BW and H s for time lags 1-14 weeks (5-20 weeks for Camera F ) and 5-19 weeks (7-23 for Camera F ) for Ω. The central beach cameras (L 1 and C&R) had significant positive crosscorrelations between beach width and H s (2-10 weeks for C&R and 6-16 weeks for L 1 ) and Ω (2-16 weeks for C&R and 6-23 weeks for L 1 ). The opposite sign of the cross-correlation for Cameras L 1 , C&R, and F again suggests that wave angle and beach rotation may be the dominant forcing term for beach width response at this beach. Camera L 2 had significant positive correlations for H s at 11 weeks and for Ω at lags of 11-27 weeks. For the alongshore-averaged BW , significant correlations were only found at long lags. Table VIII summarizes the maximum significant correlation and the corresponding lag for each of the camera views.
D. Beach Volumes Versus Shorelines to Determine Beach Vulnerability
Beach profiles measured using traditional in situ survey methods cannot economically provide the spatial or temporal coverage that is now available with remote sensing techniques. However, surveys do provide periodic but valuable volumetric data that inform coastal management decisions. While shorelines may recover rapidly after a storm as eroded sand moves onshore, the rebuilding of the upper beach (and dune) that acts as the principal line of defense against inundation recovers at much longer time scales. Here, we compare the volumetric changes and shorelines measured from profile survey data at the two sites. Using the 1-D continuity equation (1) that relates changes in depth h (in meters) to cross-shore x gradients in sediment transport Q x (m 2 /s) via a sediment packing factor µ, we can estimate volumetric changes between two adjacent surveys
ETA 67 experienced a shoreline retreat of 13 m between the December 15, 2008, and the June 2, 2009, survey (Fig. 12) . It is apparent from the comparison of the CoastalCOMS shoreline data and survey data that shorelines can recover from major storms at a reasonably rapid rate under favorable wave conditions. However, the dry beach volumes measured from the survey data show that the upper beach can take substantially longer to recover under natural conditions (i.e., Northern Beaches). This suggests that monitoring just the shoreline position may overestimate beach resiliency. However, the alongshore extent of morphological variability, particularly at the highly engineered Palm Beach site, is not revealed by the representative profile survey data alone. This highlights the need for the mutually beneficial collection of survey and remotely sensed data for supporting coastal management actions.
V. CONCLUSION
Coastal monitoring through the use of video camera technology provides a low-cost nearly continuous data set to which coastal managers can make important decisions about beach vulnerability and nourishment activities over large areas of coastline without the need for ongoing costly surveys. A new camera system has been tested to determine its applicability and accuracy of video-derived shorelines to aid in coastal monitoring of two 4-km sections of coastline in Gold Coast, Australia. A 14-month data set, covering one major storm, a recovery period, and an annual cycle, was used. The CoastalCOMSderived daily shorelines were available ∼64% of the time and were used to determine weekly and five-week running average beach widths. Comparison against in situ surveys showed that the video-derived shorelines had shoreward bias values of 23 m at Palm Beach and 28 m at the Northern Beaches, exceeding the expected error bands of previous video-derived shoreline estimates.
Camera-derived shorelines highlighted the beach erosion and subsequent recovery from the May 2009 storm event, as well as natural cycles in beach width due to seasonal wave height and direction variability. The more exposed Northern Beaches displayed very little intrasite variability, with significant positive spatial correlations between different sections of the beach. Beach width was significantly negatively correlated with wave height and dimensionless fall velocity, indicating that increases in wave height are followed by reductions in beach width. The more sheltered Palm Beach, which is also highly engineered, can be split into distinct alongshore sections. Significant negative spatial correlations between sections were representative of beach oscillations observed on pocket beaches and attributed to changes in mean wave direction. Both positive and negative significant lagged cross-correlations of beach width and wave height were seen at Palm Beach, indicating the large intrasite variability at this site, as well as suggesting that Palm Beach is more sensitive to wave angle (compared to wave height) in determining the temporal evolution of beach width.
Comparison with yearly beach surveys suggests that both methods of beach analysis are important to understanding the long-term health of the beach. The surveys were not able to capture the short-term temporal shoreline variability, the intrasite variability, or links to wave properties. However, they highlighted the fact that, despite post-storm shoreline accretion, dry beach volumes (and thus dune health) were still reduced compared to pre-storm conditions where no nourishment activities had occurred.
With an ever-expanding network of surf cameras along our coastlines, this technology provides a number of tertiary benefits to local government and researchers. The CoastalCOMS system used here demonstrates the applicability of single highresolution camera installations to provide shoreline estimates within a reasonable level of accuracy for coastal management needs.
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